PURPOSE. To investigate progressive vision loss in patients with macular telangiectasia (MacTel) type 2 and to compare the ability to detect functional decline between microperimetry and visual acuity testing.
M acular telangiectasia (MacTel) type 2 is a bilateral macular disease with characteristic vascular changes and localized outer retinal atrophy leading to functional loss within the paracentral and central retina. 1 The prevalence of MacTel type 2 has recently been suggested to be as high as 0.1% in persons 40 years and older, 2 although the true prevalence might be higher if highly sensitive methods would be used for detecting the disease. 1 Typically, patients notice first symptoms in the sixth and seventh decades of life. 3 They may report impaired visual function, including decreased reading ability, metamorphopsia, and reduced visual acuity. 1, [3] [4] [5] Morphological changes include telangiectatic parafoveolar capillaries with low-grade leakage on fluorescein angiography, a peculiar retinal graying, crystalline deposits in the superficial retina, and ectatic parafoveolar capillaries, often with adjacent blunted venules. 1 Over time, progressive atrophy of the outer neurosensory retina and intraretinal pigmentation may occur. The onset and epicenter of the disease is located temporal to the foveal center at approximately 1 to 2 degrees of eccentricity, but disease manifestations may encompass the entirety of an oval macular area of approximately 1.5 to 2.0 disc diameters centered on the foveola. 1 Neovascular complexes or lamellar and full-thickness macular holes may complicate the disease course in a subset of patients. 1, 6 Characteristic alterations on optical coherence tomography (OCT) imaging include disruption of the photoreceptor inner segment-outer segment border (ellipsoid zone), hyporeflective cavities at the level of the inner or outer retina, and in later disease stages retinal atrophy mainly confined to the photoreceptor layer. 1, 7 Fundus autofluorescence imaging also may reveal characteristic changes, including a relatively increased signal due to loss of macular pigment resulting in reduced absorption of the excitation light. 1, 8, 9 Although disease progression of MacTel type 2 appears to be slow when assessed with standard methods, some patients report worsening visual function despite stable visual acuity measures. Functional evaluation of patients with MacTel type 2 using fundus-controlled perimetry (microperimetry) revealed characteristic small deep paracentral scotomata that do not necessarily affect performance on single optotype visual acuity testing, 10 but may affect reading and other visual tasks that require an intact paracentral visual field. Indeed, more pronounced reading disability than would be expected from distance visual acuity testing alone correlate with such paracentral focal loss of macular sensitivity. 5 Moreover, longitudinal data from a recent interventional study showed progressive paracentral visual function loss in a subset of patients while visual acuity remained stable. 11, 12 Vision loss Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc. iovs.arvojournals.org j ISSN: 1552-5783 detected using microperimetry testing also has been found to be associated with a variety of morphological alterations that may develop with disease progression. [12] [13] [14] [15] [16] Despite the functional relevance of the characteristic paracentral sensitivity loss in MacTel type 2, only limited longitudinal observations with relatively few patients and a short follow-up have been reported to date. 17, 18 We hypothesized that progressive functional decline over time mainly occurs in the paracentral visual field and thus can be monitored with higher sensitivity using microperimetry compared with visual acuity testing.
METHODS
In this single-center prospective longitudinal observational study, diagnosis of MacTel type 2 was based on characteristic findings on funduscopy, spectral-domain OCT, and fluorescein angiography (Spectralis HRA-OCT; Heidelberg Engineering, Heidelberg, Germany). 1 Macular pigment distribution (assessed with a modified 2-wavelengths HRA classic; Heidelberg Engineering) showed the typical (para-) central depletion of macular pigment. 1, 8 All patients were recruited at the Department of Ophthalmology, University of Bonn, Germany. Disease staging followed the classification proposed by Gass and Blodi 19 (Supplementary Methods), with stage 0 added for eyes with no obvious disease manifestations, but a fellow eye that allowed the diagnosis. The study was conducted in adherence to the tenets of the Declaration of Helsinki and written informed consent was obtained from every patient. The Department of Ophthalmology, University of Bonn, has approval of the local institutional review board for all studyrelated data acquisition.
Exclusion criteria were intravitreal injections of VEGFinhibitors within 3 months and intravitreal application of triamcinolone, photodynamic therapy, or focal argon laser treatment within 12 months before baseline examination. Furthermore, eyes that developed a neovascular complex in the course of the follow-up or a macular hole were excluded from analysis. Inclusion criterion was a minimum follow-up interval of 24 months using high-resolution microperimetry mapping of the macular area (see below).
Functional Testing
Best-corrected visual acuity (BCVA) was measured either by using Snellen charts or by standard Early Treatment Diabetic Retinopathy Study protocols with a transilluminated distance chart.
Fundus-related microperimetry (MP1; Nidek Technologies, Padova, Italy) was performed as described previously. 10, 12 Briefly, the MP1 projects test stimuli (Goldman III size, 100-ms projection time, 4-2 staircase test-strategy) independently from eye movement onto the retina via tracking software, which uses high-contrast anatomical landmarks. We used a 16-degree macula test pattern with a red cross (2 degrees in diameter) as fixation target. The area of expected function loss comprised a central area of 8 degrees horizontally and 4 degrees vertically, centered on the foveola. 10 In this area, the test points were set 1 degree apart from each other.
If an absolute scotoma was present at the border of this central area, additional test points were placed to outline the scotoma. An absolute scotoma was defined as nonperception of the brightest stimulus of the MP1. These and individual test points with questionable validity were retested manually by the examiner. In follow-up examinations, all additional test points were reassessed automatically together with the predefined standard test points.
Data Analysis
For analysis and reporting, visual acuity was converted to logMAR.
Comparison between baseline and follow-up microperimetric examinations revealed that preexisting scotomata could shift within the testing grid, pointing to an inaccuracy of the topographic overlay of follow-up with baseline examinations using the MP1. This assumption was supported by analyzing follow-up examinations using the same microperimeter in patients with other macular diseases that showed a sharp demarcation between abnormal/atrophic and preserved retina (data not shown). Using an automated point-to-point comparison of follow-up examinations with baseline results as integrated in the MP1 software, this inaccuracy may result in a false increase or decrease of sensitivity values (e.g., if the test point at the border of a sharply demarcated scotoma shifts from within the scotoma to an area with preserved retinal sensitivity, or vice versa).
Thus, quantitative analysis of longitudinal microperimetry data included two parameters: the number of test points revealing an absolute scotoma, and the mean sensitivity within the central 4 3 8-degree testing grid.
Statistical Analysis
A P value less than 0.05 was considered statistically significant. Because most participants had both eyes included, an analytic method accounting for the correlation between eyes (marginal generalized estimating equations [GEE]) was used. 20 In the GEE, dependence within clusters (eyes) is treated as a nuisance parameter and inferences are predicted for population average effects. The least square means, SEs, and 95% confidence intervals (CIs) from generalized linear models are provided. Categorical variables were compared using logistic regression models incorporating the GEE methodology. All analyses were conducted using commercially available statistical software (SAS version 9.2; SAS Institute, Cary, NC, USA).
RESULTS
Seventy-one eyes of 40 patients with MacTel type 2 and a mean age of 64 years (SD 6.1 years; range, 50-74 years) were included in the study. Mean review period was 55.3 months (SD 17.3 months; range, 24-87 months). Baseline characteristics of included and excluded eyes can be found in the Supplementary Results. No eye underwent treatment for MacTel type 2 during the study period, whereas 23 eyes (32%) had a history of previous therapy for this condition ( Supplementary Table S1 ).
Visual Function at Baseline
Descriptive data of visual function at baseline is provided in Table 1 . Mean BCVA of all eyes at baseline was logMAR 0.34 (95% CI 0.27-0.40), equivalent to Snellen visual acuity of 20/ 43. Mean age of patients with and without absolute scotoma in at least one eye (65.4 6 6.4 years versus 62.3 6 5.5 years, P ¼ 0.10) or with and without BCVA 20/50 in at least one eye (64.1 6 6.9 years versus 63.8 6 5.3 years, P ¼ 0.88) were not statistically different. Presence of an absolute scotoma (n ¼ 33; 46% of all eyes) was associated with a significantly worse mean BCVA (P < 0.001) and a higher rate of BCVA 20/50 (P ¼ 0.11) compared with eyes without an absolute scotoma (n ¼ 38; 54% of all eyes; Table 1 ). In eyes with low BCVA ( 20/50), an absolute scotoma was more frequent (P ¼ 0.11) and tended to be larger (P ¼ 0.09) than in eyes with better BCVA, yet the difference did not meet statistical significance (Table 1) . There was an association between BCVA and microperimetric Progression of Vision Loss in MacTel Type 2 IOVS j June 2015 j Vol. 56 j No. 6 j 3906
Downloaded from iovs.arvojournals.org on 10/11/2019 foveolar light sensitivity (slope À0.0254; P < 0.0001) and with light sensitivity at 1 and 2 degrees (slopes À0.0173 and À0.0155; P < 0.0001 for both comparisons) temporal to the foveola. Restricting this analysis to eyes with an absolute scotoma, there was an association between BCVA and microperimetric foveolar light sensitivity (slope À0.0164; P ¼ 0.04), whereas there was no association between BCVA and light sensitivity at 1 and 2 degrees (slopes 0.0040 and À0.0022; P ¼ 0.65 and 0.84, respectively) temporal to the foveola. At each level within a wide range of BCVA (20/32 to 20/ 125) approximately half of the eyes revealed presence of an absolute scotoma ( Fig. 1A , upper graph), and scotoma size (i.e., the number of test points not seen) was very variable (Fig. 1A , lower graph). However, BCVA >20/32 revealed a lower rate and smaller size of absolute scotomata. A BCVA <20/125 was consistently associated with a larger absolute scotoma.
Absolute scotomata were never observed in disease stages 0 and 1, and only in 1 (6%) of 17 eyes with stage 2 disease. In stage 3, almost half of all eyes (8 of 20; 40%) revealed an absolute scotoma, whereas stages 4 and 5 were always associated with an absolute scotoma ( Fig. 1B , upper graph). The size of an absolute scotoma increased with successive disease stages ( Fig. 1B , lower graph). If an absolute scotoma was present, loss or pronounced disturbance of the photoreceptor layer was consistently observed on SD-OCT images (data not shown).
Functional Change Over Time
In 41 (58%) of all 71 eyes, microperimetry revealed growth (n ¼ 31) or new occurrence (n ¼ 10) of an absolute scotoma ( Fig.  2A , oblique lines with narrow spacing). Notably, analysis of Progression of Vision Loss in MacTel Type 2 IOVS j June 2015 j Vol. 56 j No. 6 j 3907 mean sensitivity within the central testing area did not reflect this functional decline ( Supplementary Fig. S1 ). At the same time, BCVA decreased more than two lines in only 12 (17%) of all 71 eyes ( Fig. 2A , oblique lines with wide spacing). Functional decline in both parameters (i.e., on visual acuity and microperimetry testing), was noted in 7 (10%) eyes ( Fig.  2A , overlapping oblique lines). Thus, detection of visual deterioration was restricted to BCVA and microperimetry testing in 5 (7%) and 34 (48%) eyes, respectively ( Fig. 2A) . Twenty-five (35%) eyes showed no change in visual function. Multivariate generalized linear regression revealed presence of an absolute scotoma at baseline, but not baseline BCVA, to be predictive for functional decline on longitudinal microperimetry testing (P < 0.001 and P ¼ 0.76, respectively). Hence, subgroup analysis was performed with stratification based on presence or absence of a scotoma at baseline (Figs. 2B, 2C ). Eyes with an absolute scotoma at baseline showed growth of the scotoma in 94% (31 of 33 eyes; Fig. 2B , left column), whereas only 6% (n ¼ 2; right and left eyes of the same patient) remained stable. A total of 10 (26%) of 38 eyes of eyes without an absolute scotoma at baseline developed an absolute scotoma de novo (Fig. 2C , left column).
A significant decrease in BCVA (more than two lines) was not predicted by presence of an absolute scotoma (Figs. 2B, 2C, right columns) or baseline BCVA (P ¼ 0.70 and P ¼ 0.43, respectively; multivariate generalized linear regression).
Subgroup analysis for functional change on microperimetry and visual acuity testing based on BCVA level at baseline is illustrated in Supplementary Figure S2 .
Functional Decline on Microperimetry Testing in Relation to Change in BCVA
In eyes with or without functional decline on microperimetry testing, the frequency of a significant decrease in BCVA (>2 lines; approx. 20%) or stable BCVA (approx. 80%) did not differ statistically (P ¼ 0.76; Table 2 , upper half). The magnitude of mean BCVA decrease was slightly higher, but did not meet statistical significance, in eyes with scotoma progression (logMAR 0.12 6 0.04 vs. 0.05 6 0.02, P ¼ 0.14). When restricting analysis to those eyes that showed a decline in BCVA of more than two lines, the magnitude of BCVA decrease was significantly higher in eyes with compared with those without scotoma progression (logMAR 0.67 6 0.01 vs. 0.19 6 0.06, P < 0.0001).
In the subgroup of eyes with development of a new scotoma (i.e., in eyes without a scotoma at baseline), BCVA did not change considerably in nine of ten eyes (mean logMAR 0.15 to 0.2). Only in one of the ten eyes of this subgroup, BCVA dropped from logMAR 0.3 to 1.0 due to incident subfoveal atrophy.
The approximate 60% frequency of functional decline on microperimetry testing as described above was independent from change in BCVA of more than two lines (P ¼ 0.73; Table 2 , lower half).
Proximity of an absolute scotoma to the foveal center was associated with lower BCVA (Fig. 3 , slope À0.1394; P ¼ 0.04). There were three eyes with pronounced drop of BCVA, which occurred due to enlargement of the absolute scotoma into the foveal center. Examples of the natural history of scotoma Progression of Vision Loss in MacTel Type 2 IOVS j June 2015 j Vol. 56 j No. 6 j 3908 progression are shown in Figure 4 and Supplementary Figure  S3 . Change of retinal function on microperimetry and BCVA testing for each individual eye is summarized in Supplementary  Figure S4 .
Topographic Characteristics of Functional Loss
The locus and progression of functional loss determined by microperimetry followed a common pattern. If a scotoma was present, it was consistently monofocal and affected the temporal quadrant, most frequently at approximately 2 degrees temporal/ temporal-inferior from the foveal center (Fig. 5A) . Independent from spread of a scotoma over time, this epicenter of functional loss remained throughout the review period. Other quadrants revealed areas of functional loss when a scotoma enlarged from the temporal area. Most commonly, such enlargement was observed into the inferior quadrant, followed by the superior and nasal quadrants (Fig. 5B) . At the last follow-up, scotomata were localized in the temporal and the inferior quadrants in 100% and 70%, respectively (Fig. 5C ). In absolute terms, 50% and 20%, respectively, of all test points with an absolute scotoma were located in those two quadrants (Fig. 5D ). Enlargement of an absolute scotoma occurred at the edge of preexisting absolute scotomata. Only in two eyes of one patient (5%), a new test point with absolute scotoma emerged separately, but in proximity to the preexisting scotoma.
Scotoma Growth Rate
In Figure 6 , individual rates of function loss on microperimetry testing are plotted against age. Similar to other retinal degenerative diseases, 21, 22 a model may be applied to better understand the functional decline on microperimetry testing in patients with MacTel type 2. The model consists of two parameters: a time delay or age at scotoma onset, and the progression rate observed thereafter. Despite the variable scotoma size (y-axis) observed in this study, there appears to be little variability of individual slopes as measure for progression rates (Fig. 6A) . Thus, the age of onset of a scotoma may be the dominant contributor to the observed variability in functional loss. The age of onset of a scotoma is the intercept of the x-axis with the progression line and may be calculated for each eye by fitting a progression line through individual sensitivity losses using the equation Y ¼ 1.3*year (see below). Replotting the data against time after age of scotoma onset demonstrates the common natural history of scotomata in patients with MacTel type 2 (Fig. 6B) .
On microperimetric testing, the mean (6SE) functional decline of all 71 eyes was 0.62 (60.10) (95% CI 0.42-0.83) new test points with an absolute scotoma per year. The subgroup of eyes with an absolute scotoma at baseline had a mean (6SE) growth rate of 1.30 (60.12) (95% CI 1.07-1.53) new test points with an absolute scotoma per year. In this cohort, the scotoma enlargement rate was independent from the size of a preexisting scotoma (P ¼ 0.57) and baseline visual acuity (P ¼ 0.59).
Mean age of patients with and without progression on microperimetry testing was 64.1 6 5.6 and 64.1 6 6.4 years at baseline, respectively (P ¼ 0.99). Given the small number of young participants, there is obviously a limitation with regard to power to find a potential association of growth rate with age at scotoma onset.
DISCUSSION
For MacTel type 2, a first clinical trial using a neuroprotective approach is under way, 23 aiming at slowing or stopping the characteristic photoreceptor degeneration of the central retina. However, natural history studies that allow conclusions on meaningful functional outcome measures are scarce. Ideally, an outcome measure used in a clinical trial is meaningful for the patient, reliably indicates disease progression, and shows considerable change within a study time frame.
The most commonly used endpoint of therapeutic studies for retinal disease has been single optotype BCVA, a parameter that largely depends on central foveal function. In MacTel type 2, however, functional decline typically initially spares the foveal center. Thus, other clinical parameters may be needed to monitor paracentral loss of function so as to evaluate disease progression and/or therapeutic effects. The current study took a step toward defining disease progression in MacTel type 2 as measured by microperimetry, a method that allows mapping retinal function over a wider macular area. 24 
Microperimetry Versus BCVA Testing for Monitoring Vision Loss in MacTel Type 2
Within the entire cohort, functional deterioration was more frequently observed on microperimetry compared with BCVA testing (58% vs. 17%). This suggests that change in sensitivity within the (para-) central visual field is more sensitive than change in BCVA for detecting functional decline in patients with MacTel type 2. This conclusion is in line with a recent observation in a small prospective clinical trial in which BCVA remained stable while there was a functional decline on microperimetry testing. 11, 12 In the subgroup of patients with a preexisting absolute scotoma at baseline, almost all eyes (94%) revealed further vision loss on microperimetry testing during the observational period, whereas only 18% of the same group revealed a significant deterioration of BCVA. This natural history observation suggests that patients with an absolute scotoma would be good candidates for clinical trials because there would typically be measurable disease progression during a relatively short period of time.
Reading as one of the most important visual abilities has recently been reported to be considerably affected by paracentral scotomata in patients with MacTel type 2. 5 Moreover, assessment of the vision-targeted health-related quality of life revealed lower vision-related functioning compared with a reference group with macular degeneration that had the same level of central visual acuity. 25 It was concluded that functional outcome measures different from distance visual acuity testing appear to be necessary to fully evaluate the functional deficits in MacTel type 2. Thus, vision loss detected by microperimetry, although not necessarily correlated with BCVA, may be meaningful for the patients' quality of life.
The baseline characteristics of the reported cohort show that BCVA may drop before occurrence of an absolute scotoma.
However, it should be noted that significant deterioration of BCVA may be very slow and that it occurs only in a subset of patients before the onset of a paracentral scotoma. There is currently no biomarker that allows determining which patient will develop deteriorating BCVA before or after the incidence of an absolute scotoma.
Topography of Function Loss
The consistent onset of an absolute scotoma in the temporal/ temporal-inferior region and the predominant localization within this area in later disease stages confirm the previously suggested epicenter of the disease. 1, 10, 26 Enlargement of a scotoma regularly occurred at the border of a preexisting scotoma, suggesting that the underlying photoreceptor loss spreads from the disease epicenter.
Scotomata rarely enlarged beyond the central testing grid covering the central retinal area (8 degrees horizontally, 4 degrees vertically), and no relevant change was detected outside this area ( Supplementary Fig. S1 ). Therefore, restriction of microperimetry testing to this central region of expected function loss appears sufficient for future longitudinal observations in MacTel type 2, limiting the duration of this time-consuming psychophysical assessment. In selected cases, mostly in much progressed disease stages, additional testing points may be necessary for complete scotoma mapping.
Scotoma Onset and Growth Rate
To detect localized enlargement or development of a scotoma in a cohort with heterogeneous baseline characteristics, a relatively large and dense test grid is necessary. In this study, 45 test points covering the central 4 3 8 degrees were used. Consequently, there is little impact of one or few test points with new absolute scotomata on change of mean sensitivity across the tested area ( Supplementary Fig. S1 ). Such local visual field defects are therefore characterized better by quantification of the cumulative defect size, in this case the number of testing points with a defined loss of function.
Once an absolute scotoma had developed, it enlarged within the study period in 94%. The age of scotoma onset may mark a time point at which localized incident photoreceptor death can first be detected using microperimetry as surrogate measure. After such initial event, a relatively uniform progression of photoreceptor death is suggested to be the natural disease course, which might eventually involve the entire oval macular area typically affected by MacTel type 2. The time delay to reach the age of scotoma onset may add variability, suggesting an influence of environmental and/or genetic modifying factors. However, such conclusion currently remains presumptive because the current study was not designed to test such hypothesis.
Conclusions on the kinetics of photoreceptor death in MacTel type 2 (i.e., if it follows a cumulative damage model or a one-hit model), 27 cannot be derived from this limited dataset with a relatively short observation period. It is likely that there is a slowdown of photoreceptor degeneration and death with time because of the limited area affected by the disease process in MacTel type 2. The dataset also was too small to detect a potential interaction with age. For instance, there might be a faster progression of functional decline in those who develop a scotoma at a younger age.
Almost no eyes in stage 2 and all eyes in stage 4 present with an absolute scotoma. Accordingly, first occurrence of an absolute scotoma would occur in stage 3 of the Gass and Blodi classification. Indeed, almost 50% of all stage 3 eyes presented with an absolute scotoma. Future studies may evaluate if stage 3 predicts development of an absolute scotoma, or if stage 3 should rather be divided into different stages based on Progression of Vision Loss in MacTel Type 2 IOVS j June 2015 j Vol. 56 j No. 6 j 3911
Downloaded from iovs.arvojournals.org on 10/11/2019 functionally relevant specific morphological alterations that are not considered in the current staging system.
CONCLUSIONS
MacTel type 2 leads to progressive paracentral vision loss, which may precede significant loss of visual acuity, affect the patient's visual ability, and, thus, quality of life. Microperimetry for mapping the characteristic paracentral scotomata may be more sensitive to detect and monitor functional decline than BCVA testing. In patients with presence of a scotoma, microperimetry reliably detects disease progression within a time frame relevant for clinical trials. Therefore, functional testing using microperimetry may be superior to visual acuity testing as a functional outcome measure in clinical trials.
